The pathogenesis underlying the typical ®ndings in Creutzfeldt±Jakob disease (CJD) such as periodic EEG changes or myoclonus is not fully understood. The thalamus possesses a high density of inhibitory neurones and serves as a crucial pacemaker of rhythmic EEG activity. As inhibitory neurones expressing parvalbumin (PV) are reduced in the cerebral cortex and hippocampus in sporadic CJD (sCJD), we studied the distribution and number of PV-immunoreactive neurones in sCJD thalami in order to determine whether damage to them could account for certain clinical ®ndings. Immunohistochemical analysis was performed on the thalami from 21 sCJD patients and ®ve controls. The number of PV+ neurones was counted in the thalamic nuclei and compared with clinical and molecular ®ndings. In sCJD patients, PV+ neurones were signi®cantly reduced in the ventrolateral posterior (VLp), ventrolateral anterior (VLa), anteroventral (AV), lateral dorsal (LD), mediodorsal (MD) and reticular (Re) thalamic nuclei (P < 0.05). The VLp was especially damaged in sCJD patients with homozygosity for methionine at codon 129 and scrapie prion protein (PrP Sc ) type 1. Patients with typical EEG changes [periodic sharp wave complexes (PSWCs)] and myoclonus had a predominant loss of PV+ cells in the reticular thalamic nucleus. In conclusion, our data support the hypothesis that the damage to PV-immunoreactive neurones determines the generation of certain typical clinical features of CJD, i.e. PSWCs associated with myoclonus.
Introduction
It has recently become apparent that clinical and neuropathological characteristics of sporadic Creutzfeldt±Jakob disease (sCJD) correlate with genetic and molecular determinants (Parchi et al., 1999) . These molecular determinants are a polymorphism for methionine/valine at codon 129 of the human prion protein gene (PRNP), and two isoforms of PrP Sc that can be distinguished by their different glycosylation and proteinase K digestion patterns. The subtypes are characterized clinically by a combination of features such as duration of disease, EEG changes, age at onset and predominant neurological signs, especially myoclonus. Neuropathologically they are de®ned by associations of certain morphological changes such as small or con¯uent vacuoles, and synaptic, pericellular, perivacuolar, plaque-like scrapie prion protein (PrP Sc ) deposition or kuru plaques in anatomically de®ned areas of the CNS. The pathogenesis underlying typical clinical ®ndings such as myoclonus or periodic sharp wave complexes (PSWCs) in the EEG is still largely unknown.
A disturbance of inhibitory GABAergic mechanisms in prion diseases has been postulated by various authors (Ferrer et al., 1993; Guentchev et al., 1997 Guentchev et al., , 1998 Guentchev et al., , 1999 Belichenko et al., 1999) . Parvalbumin (PV) is a cytosolic calcium (Ca 2+ )-binding protein (Berchtold et al., 1985; Baimbridge et al., 1992) , which is implicated in the buffering and transport of Ca 2+ as well as in the regulation of various enzyme systems. In the cerebral cortex and hippocampus it is predominantly expressed in a subset of fast-spiking, inhibitory GABAergic interneurones (Celio, 1986) . Because of its capacity to regulate Ca 2+ homeostasis by reducing the Ca 2+ -dependent K + outward current (Celio, 1986) , PV is thought to have a neuroprotective function against neurotoxic insults (Sloviter, 1989) .
In sCJD, a marked reduction of PV+ cells and morphological changes of the remaining PV+ neurones in the cerebral cortex (Ferrer et al., 1993) and the hippocampus (Guentchev et al., 1997) have been reported. A test of correlation with clinical or molecular data has not yet been undertaken.
According to Jones (Jones, 1985 (Jones, , 1998 Hirai and Jones, 1989) , the thalamus serves as a relay site for incoming and outgoing information. There is a complex network of synaptic interactions between the thalamic nuclei and, additionally, the thalamus is connected to the cerebral cortex in almost every brain area. There is electrophysiological evidence that the thalamus, especially the reticular thalamic nucleus, serves as a pacemaker, generating highly synchronous electric activity (Steriade et al., 1987; Avanzini et al., 1993; Contreras and Steriade, 1995; Huguenard, 1998; Jones, 1998; Mihaly et al., 1998; Seidenbecher et al., 1998; Steriade and Contreras, 1998 ). The thalamus always shows pathological changes in patients with CJD (Parchi et al., 1999) , and the appearance of periodic sharp and slow waves in the EEG is one of the key features of clinical presentation (Steinhoff et al., 1996) . For a better understanding of a possible relationship, we studied the thalamus of sCJD patients and correlated our results with molecular and clinical data.
Material and methods

Study population
We studied 21 con®rmed sCJD patients whose brains had been sent to the German Reference Center for Spongiform Encephalopathies, which is now located at the University of Mu Ènchen. Formalin-®xed material from the entire thalamus was available for all patients. All of the study patients had been examined as suspected CJD cases during their lifetimes by a neurologist of the German CJD Surveillance Unit, and EEG tracings close to the patients' deaths were available. The age at death of the study patients (six females, 15 males) ranged from 25 to 77 years (mean 62.7 years, SD 11.3 years).
Five brains of two women and three men (age range 48±77 years; mean age 58.6 years; SD 11.5 years) from patients 
Control F 76.6 ± ± ± ± ± ± NA = not available (un®xed brain tissue not available); M/M = methionine/methionine; M/V = methionine/valine; V/V = valine/valine.
without any evidence of neurological disorders and with normal neuropathological ®ndings at autopsy served as a control group. Causes of death in the control patients were left ventricular failure from pre-existing cardiovascular disease (four cases) or pulmonary embolism (one case) (see Table 1 for details).
Determination of molecular and genetic subtype
Western blot analysis was carried out in all cases in which un®xed brain tissue was available (n = 17), as described previously (Parchi et al., 1996 (Parchi et al., , 1999 Zerr et al., 2000) . (Parchi et al., 1996) . Analysis of the prion protein gene (PRNP) was performed using singlestrand conformation polymorphism (SSCP) analysis or direct DNA sequence analysis . Patients with PRNP mutations were excluded from further analysis (see Table 1 for results).
Neuropathological evaluation
Brains from patients and controls were ®xed in formalin for at least 14 days. Representative blocks were cut from standardized brain regions for the histopathological diagnosis. Additionally, two to four serial sections were cut through the thalamus in the coronal plane. The anterior sections showed the subthalamic nucleus (STN; Fig. 1A ), and more posterior sections showed the lateral geniculate body (LGB; Fig. 1B ). The thalamus of one hemisphere was examined in all cases (10 out of 21 right thalamus, 11 out of 21 left thalamus), depending on the material provided to the Reference Center for Spongiform Encephalopathies. The blocks, including the control cases, were decontaminated for 1 h in formic acid (Brown et al., 1990) and embedded in paraf®n. The diagnosis of prion disease was made as described previously (Kretzschmar et al., 1996) . Microtome sections were cut serially at 2 mm (2 Q 10 ±6 m) from the thalamus blocks and mounted on silanized slides. The sections were deparaf®nized and boiled in citric buffer (pH 6.0) for 5Q 3 min. After blocking with 3% H 2 O 2 at 4°C, and pre-treatment with foetal calf serum (FCS), adjacent sections were incubated for 4 h at room temperature with a monoclonal antibody against PV (PA-235, 1 : 1000; Sigma, Saint Louis, MO, USA). For visualization, the avidin±biotin± peroxidase complex (ABC; Vectastatin Peroxidase PK-400 Vector) was used. Slides were then developed in AEC (3-amino-9-ethylcarbazole; Sigma A575; in dimethylformamide and acetate buffer) and counterstained with haematoxylin.
Quanti®cation of neurones
According to Aherne, a random distribution of cells can be assumed in the thalamus (Aherne, 1975) . We therefore used the classical method of counting the number of cells per area. Neurones were included in the evaluation if the cell nucleus was in the plane of the section. Immunohistochemistry with PV yielded reliable staining results with little background. Only those sections were included in the study in which the neurones were unequivocally identi®able. Quanti®cation of neurones was performed by two blinded investigators (H.J.T. and J.W.H.), whose results were very similar [intraclass correlation coef®cient 0.81, according to Bartko (1994) ].
The classi®cation of Hirai and Jones was used for identi®cation of thalamic nuclei (Hirai and Jones, 1989) . Immunoreactive neurones were counted in the following nuclei in four ®elds with a 22Q objective using a graticule (SQ515 eyepiece micrometer; Olympus, Japan) (Aherne, 1975) : anteroventral nucleus (AV), lateral dorsal nucleus (LD), mediodorsal nucleus (MD), centre me Âdian (centromedian) nucleus (CM), ventral anterior nucleus (VA), ventral lateral posterior nucleus (VLp), ventral lateral anterior nucleus (VLa) and ventral posterior lateral nucleus (VPL). In the reticular nucleus (Re) cells lie in groups, so that no random distribution can be assumed. Therefore we counted the total number of immunoreactive cells in the Re using a 10Q objective (Aherne, 1975) .
EEG analysis
The original EEG tracings were provided by the notifying hospitals. All EEG tracings were evaluated by a certi®ed investigator (B.J.S.) using standardized criteria (Steinhoff et al., 1996) and without knowledge of clinical data (see Table 1 for results).
Statistical analysis
After counting four ®elds in each thalamic nucleus or all PV+ cells in the Re, the mean number of immunoreactive cells was calculated in each nucleus. In most cases, two or more sections (mean 2.32, SD 0.63) through the thalamus were available for study. The mean number of cells per nucleus was calculated for all sections and used for further analysis.
To test for differences in the number of cells in the thalamic nuclei under distinct clinical conditions, the twotailed unpaired t-test was used. Correlation of the results with age was tested using the Spearman rank correlation with a two-tailed P value. P < 0.05 was considered signi®cant.
Results
Clinical features
The clinical data are summarized in Table 1 .
General brain pathology
The brains of all control patients were normal upon neuropathological, macroscopic and histological examination. Brain atrophy with widening of sulci (11 out of 21 cases) was a common feature in sCJD patients. We detected atrophy of the thalamus macroscopically in two patients. Associated pathology consisted of arteriosclerosis (none in three, mild in four, moderate in eight and severe in two cases). Two patients presented with dilated perivascular spaces in the putamen, and in one of these an old cavitary infarct (size 3 mm) was found occipitally. Histology yielded senile plaques in one patient, with amyloid and tau pathology corresponding to CERAD B and Braak & Braak I±II, respectively.
PV immunoreactivity
Overall staining with the antibody against PV was strong in the controls, clearly delineating the different thalamic nuclei. As shown in Fig. 1A and B, the nuclei of the ventral nuclear group, including the ventral anterior (VA), the ventral lateral anterior (VLa), the ventral lateral posterior (VLp) and the ventral posterior lateral (VPL) nuclei, showed the most intense PV staining. Particularly large, oval-to-round neurones with their proximal dendrites were strongly positive for PV. The VA, VLa, VLP and VPL nuclei appeared striped (Fig. 1A, B , G and H) due to unstained ®bre bundles traversing the nuclei frontolaterally to caudomedially. The mediodorsal nucleus (MD) showed moderately PV-stained cells, which were distributed in clusters. The reticular nucleus (Re) was clearly identi®able, as it covers the ventral nuclear group like a shell. The PV+ cells in the Re had an oval shape and lay in clusters in a moderately stained neuropil. The AV and the LD showed a moderate to weak PV staining with a more intensely stained neuropil. Our staining results are in accordance with those of Munkle et al. (2000) .
PV+ cells in patients versus controls
In general, PV immunoreactivity in sCJD patients was more heterogeneous than in controls. Staining intensity in some sCJD patients was comparable to controls, with clear delineation of thalamic nuclei. In other sCJD patients, staining was weaker but cells were still clearly identi®able. This was probably due to differences in the processing of the material in the referring institutes. In some sCJD patients, a few neurones appeared shrunken (Fig. 1J) .
Compared with the controls, sCJD patients showed a signi®cant reduction of PV-positive neurones in most thalamic nuclei. This was most severe in the Re (164.7 T 15.3 in controls compared with 99.3 T 9.1 in patients; P = 0.0035), but also signi®cant in the VLa (P = 0.029), VLp (P = 0.0052), AV (P = 0.019) and LD (P = 0.01) thalamic nuclei (Table 2 ). In the CM, sCJD patients had insigni®cantly more PV+ neurones than controls [5.3 T 0.8 compared with 4.0 T 0.8, respectively; P = not signi®cant (NS)].
Atrophy of the thalamus was observed macroscopically in two sCJD patients. In one of these, the number of cells per thalamic nucleus was in the upper range, and in the other it was in the lower range compared with the other sCJD patients.
PV+ cells and clinical ®ndings
The number of PV+ cells per thalamic nucleus was correlated with clinical data (see Fig. 2 and Table 3 for details): The VLp showed a signi®cant reduction of PV+ cells in sCJD patients with PrP Sc type 1 (Fig. 1H ) compared with PrP Sc type 2 (Fig. 1G) , and in those homozygous for methionine at codon 129 (M/M1) compared with those homozygous for valine (V/V2) (P < 0.05).
In the Re there was a reduction of PV+ cells in sCJD patients with PSWCs compared with patients without typical EEG changes (no PSWCs: 109.9 T 14.5; PSWCs: 87.7 T 10.0; P = NS) (Table 3; Fig. 1D and E) .
Patients exhibiting myoclonus and PSWCs had signi®-cantly fewer PV-immunoreactive cells in the Re than patients with myoclonus but without periodic EEGs (myoclonus and PSWCs: 92.7 T 9.7; myoclonus, no PSWCs: 130.9 T 11.1; P = 0.02).
In the AV, patients whose disease had lasted >6 months showed signi®cantly less PV immunoreactivity than patients with a shorter duration of disease (4.3 T 0.7 and 6.4 T 0.6, respectively; P = 0.045). The absence of PSWCs (no PSWCs: 4.0 T 0.7; PSWCs: 6.1 T 0.6) ( Fig. 1J and K) and even more so the absence of PSWCs in combination with the presence of myoclonus correlated with a reduction of PV+ cells in the AV (myoclonus and PSWCs: 6.1 T 0.6; myoclonus, no PSWCs 2.8 T 0.3; P = 0.04). There were no differences in the number of PV+ neurones in the LD in various clinical conditions. Sporadic CJD patients without myoclonus had more PV+ cells in the CM than those with myoclonus (no myoclonus: 6.1 T 2.1; myoclonus: 4.9 T 0.6; P = NS); this ®nding was not statistically signi®cant. Independent of the presence or absence of myoclonus, sCJD patients had more PV+ cells in the CM than controls. There was no correlation between the patients' ages and the number of PV+ cells in the different thalamic nuclei.
Discussion
In sporadic CJD, there are variations in the degree of thalamic pathology Parchi et al., 1999) that are likely to be related to the molecular subtype.
According to functional and morphological studies carried out by Jones (Jones, 1985 (Jones, , 1998 , the integration between the thalamus and the cerebral cortex is due to subsets of thalamic neurones immunoreactive for different calcium-binding proteins (calbindin D28K, PV). While calbindin D28K+ cells constitute a matrix of diffusely projecting cells, PV+ cells connect the thalamus with the cortex in a highly ordered fashion (Jones, 1998) .
Ferrer and colleagues were the ®rst to study PV immunoreactive neurones in brain biopsies from the frontal lobes of three CJD patients (Ferrer et al., 1993) , and they found a marked reduction of PV+ cells. Studies on the hippocampus of CJD patients (Guentchev et al., 1997) as well as in experimentally infected mice con®rmed that PV+ cells are selectively damaged in prion disease (Guentchev et al., 1999) , without affecting calbindin D28K+ or calretinin+ neurones (Guentchev et al., 1998) . There is only one published morphometric investigation examining the thalami of two sCJD patients using Nisslstained sections, and a signi®cant reduction of neurones in nearly all thalamic nuclei was described.
The present study shows a reduction of PV-immunoreactive cells in sCJD patients, which was particularly marked in the VLp and Re ( Fig. 1A±H; Table 2 ), and was also signi®cant in the VLa, AV and LD (P < 0.05). The VLp and VLa belong to the ventral nuclear group, which also includes the VPL and VA. The ventral nuclear group generally stains densely for PV and it is part of the motor thalamus (Jones, 1985; Macchi and Jones, 1997) . PV+ cells in the VLp receive afferents from the cerebellum and project to the motor cortex (Jones, 1998) . The VLa connects the pallidum with the supplementary motor cortex (Macchi and Jones, 1997) . We therefore hypothesized that a reduction of inhibitory PV+ cells in the ventral nuclear group would show a relationship with the occurrence of excitatory motor symptoms such as myoclonus (Ferrer et al., 1993; Guentchev et al., 1997 Guentchev et al., , 1998 . Nevertheless, the reduction of PV+ cells in the ventral nuclear group in sCJD did not correlate with the occurrence of myoclonus.
However, the pathology in the ventral nuclear group was related to the molecular sCJD subtype: comparing patients with PrP Sc type 1 to PrP Sc type 2 and those homozygous for methionine at Codon 129 and PrP Sc type 1 (M/M1) with patients homozygous for valine and PrP Sc type 2 (V/V2), there was a signi®cant loss of PV+ cells in the VLp in PrP Sc type 1 patients (P = 0.001) and the subset of M/M1 patients (P = 0.003). Parchi and colleagues studied the MD in the sCJD subtypes and found mild to moderate pathological changes (neuronal loss, astrogliosis and spongiosis) in M/M1 patients and moderate to severe changes in V/V2 patients (Parchi et al., 1999) . There was no difference in the MD between M/M1 and V/V2 patients in our study. PV+ cells were most severely damaged in the Re in sCJD, showing a 40% reduction in PV+ cells compared with controls (P < 0.005) (see Table 2 and Fig. 2) .
The Re has been studied extensively in epilepsy and sleep models using electrophysiological experiments (Steriade et al., 1985 (Steriade et al., , 1987 Avanzini et al., 1993; Contreras and Steriade, 1995; Mihaly et al., 1998; Seidenbecher et al., 1998; Steriade and Contreras, 1998) . Steriade and colleagues presented the hypothesis that the reticular thalamic nucleus is a pacemaker for spindle rhythms present in natural sleep (Steriade et al., 1985) . The Re is the interface between thalamocortical and corticothalamic systems as it receives collaterals from corticothalamic neurones and is connected to thalamocortical cells in most thalamic nuclei. Thus, the synchronized activity generated by GABAergic inhibitory neurones in the Re would be distributed to the thalamic nuclei and consecutively to the cortex (Steriade et al., 1985) . Avanzini and colleagues showed that in rats suffering from genetic absence epilepsy, the spike and wave discharges typical for absence epilepsy are abolished after lesioning the Re neurones (Avanzini et al., 1993) . Other investigators (Mihaly et al., 1998) demonstrated that the number of PV+ cells in the Re decreases after experimentally induced epileptic activity in a rat model. According to Huntsman and colleagues, in normal rats a recurrent inhibition in the Re reduces the genuine synchronicity and thus prevents seizures (Huntsman et al., 1999) . In summary, it is widely accepted that the Re plays an important role in the generation and maintenance of synchronous electric activity (Steriade et al., 1985 (Steriade et al., , 1987 Avanzini et al., 1993; Contreras and Steriade, 1995; Mihaly et al., 1998; Seidenbecher et al., 1998; Steriade and Contreras, 1998 ).
In our study, patients with CJD-typical periodic sharp wave complexes (PSWCs) and myoclonus had a predominant reduction of PV+ cells in the Re. In view of this connection we hypothesize that in CJD there is an electrophysiological relation between the generation of PSWCs and the PV+ neurones in the Re. Assuming that the Re controls the genuine electric activity of the thalamus by PV+ inhibitory neurones (Steriade and Contreras, 1998) , damage to the PV+ Re cells would reduce inhibition. A reduction of inhibition would thus result in increased synchronicity and generation of the PSWCs. While the Re and VLp demonstrated the most pronounced reduction of PV+ neurones when comparing patients and controls, the AV was the only thalamic nucleus exhibiting signi®cant cell loss if the disease lasted for >6 months (Table 3 ). In addition, it showed a signi®cant preservation of cells in patients with PSWCs ( Fig. 1J and  K) . The main afferent and efferent projections of the AV are from the limbic system, especially the cingulate area, and from the Re (Jones, 1985) . An implication of the AV in the generation of PSWCs has not been postulated. Although the hippocampus is part of the limbic system and is usually involved in the creation of seizures, its role in the generation of PSWCs is not yet clear.
In summary, we have shown that PV-positive neurones are reduced in the majority of thalamic nuclei in sCJD patients compared with controls. A particularly high loss of PV+ cells was found in the Re in sCJD patients with myoclonus and PSWCs. This relationship will be elucidated further, as our knowledge of the functional anatomy of the thalamus and the pathogenesis of prion diseases is evolving.
